Hibernating myocardium is an adaptive response to repetitive myocardial ischemia that is clinically common, but the mechanism of adaptation is poorly understood. Here we compared the proteomes of hibernating versus normal myocardium in a porcine model with 24 biological replicates. Using the ion-current-based proteomic strategy optimized in this study to expand upon previous proteomic work, we identified differentially expressed proteins in new molecular pathways of cardiovascular interest. The methodological strategy includes efficient extraction with detergent cocktail; precipitation/digestion procedure with high, quantitative peptide recovery; reproducible nano-LC/MS analysis on a long, heated column packed with small particles; and quantification based on ion-current peak areas. Under the optimized conditions, high efficiency and reproducibility were achieved for each step, which enabled a reliable comparison of 24 the myocardial samples. To achieve confident discovery of differentially regulated proteins in hibernating myocardium, we used highly stringent criteria to define "quantifiable proteins". These included the filtering criteria of low peptide FDR and S/N > 10 for peptide ion currents, and each protein was quantified independently from ≥2 distinct peptides. For a broad methodological validation, the quantitative results were compared with a parallel, well-validated 2D-DIGE analysis of the same model. Excellent agreement between the two orthogonal methods was observed (R = 0.74), and the ion-current-based method quantified almost one order of magnitude more proteins. In hibernating myocardium, 225 significantly altered proteins were discovered with a low false-discovery rate (∼3%). These proteins are involved in biological processes including metabolism, apoptosis, stress response, contraction, cytoskeleton, transcription, and translation. This provides compelling evidence that hibernating myocardium adapts to chronic ischemia. The major metabolic mechanisms include a down-regulation of mitochondrial respiration and an increase in glycolysis. Meanwhile, cardioprotective and cytoskeletal proteins are increased, while cardiomyocyte contractile proteins are reduced. These intrinsic adaptations to regional ischemia maintain long-term cardiomyocyte viability at the expense of contractile function.
■ INTRODUCTION
Hibernating myocardium is a clinical condition in which patients with chronic coronary artery narrowings develop viable, chronically dysfunctional myocardium in response to repetitive reversible myocardial ischemia. 1, 2 In its purest state, fibrosis and infarction are absent, and thus cardiac function often improves following bypass surgery or placement of a coronary stent. 2 While identification of hibernating myocardium is important for directing therapeutic efforts, the protein pathways and physiological mechanisms responsible for the many intrinsic adaptations arising from reversible ischemia remain unclear. We have previously demonstrated that coronary flow and myocardial function were dissociated from the usual determinants of myocardial oxygen demand in response to stress in hibernating myocardium. 3, 4 This suggests that hibernation may prevent the development of irreversible ischemic injury after submaximal stress by limiting regional energy utilization. On the basis of this observation as well as others, 5, 6 we hypothesized that hibernating myocytes intrinsically down-regulate their metabolic needs to achieve a balance between supply and demand by reducing regional workload.
Recently, state-of-the-art proteomic strategies have been applied to the study of cardiovascular systems. 7−13 For proteomic expression profiling, 2D gel electrophoresis 14 or LC/ MS-based methods are generally employed. Quantitative LC/ MS-based methods include isotope labeling by metabolic incorporation (e.g., SILAC), 15 chemical/enzymatic labeling (e.g., ICAT, iTRAQ, and 18 O-incorporation), 16, 17 and, more recently, label-free protein expression profiling approaches. 18−21 Adapting these techniques to achieve extensive and reliable discovery of protein alterations responsible for hibernating myocardium poses challenges. First, for a preclinical study involving a chronic large-animal model, a relatively large number of biological replicates (e.g., n = 12 animals per group were used in this study) is desirable to alleviate false-positive discovery arising from interanimal variability. The use of many biological replicates enhances the reliability of biomarker discovery while taking into account biological variability in a fashion that a single pooled sample analysis from multiple subjects cannot. 18−20 Unfortunately, it is technically challenging (and costly) to use isotope-labeling methods for this purpose. Label-free methods afford a promising alternative to quantify multiple biological replicates, but these approaches do not typically employ an internal standard. Thus, they require highly quantitative and reproducible sample preparation and LC/MS analysis. These requirements are often difficult to achieve in large-scale experiments. 19, 21, 22 Additionally, on the basis of our previous findings using 2D-DIGE, many chronic enzyme changes in the hibernating myocardium are modest (generally within ±50% of normal values). 20, 23 This underscores the need to achieve precise quantification to evaluate multiple dysregulated candidate proteins.
It remains challenging to achieve extensive coverage of a tissue proteome using current strategies due to the high complexity and wide dynamic range found in whole tissue samples. 24 While utilization of prefractionation techniques such as multidimensional chromatography significantly enhances coverage, 25, 26 it is not practical to adapt this approach for the analysis of multiple biological replicates. In addition, myocardial tissue contains many hydrophobic membrane proteins, 10, 11, 27 which can be challenging to extract and analyze efficiently using conventional proteomic methods. 28 Many of these proteins are critically involved in ion channels, cardiac excitation, and myocardial contraction, yet they remain underrepresented when the proteome is characterized with existing approaches. Finally, false-positive discoveries of significantly changed proteins can result in false biological leads that need to be evaluated and controlled. 29−31 Increasing biological sample size and using a reproducible well-defined experimental model can help to minimize this. While statistical approaches have also been developed to address this, 32−34 there is no practical method to evaluate or control the false-positive discovery rate experimentally.
With these considerations in mind, we developed and optimized a proteomics approach to perform an extensive, reproducible and relatively large-scale proteomic profiling (24 animals) to identify multiple pathways and proteins that are altered in hibernating myocardium. Myocardial proteins were extracted uniformly with a strong buffer containing high concentrations of detergent cocktails, followed by a precipitation/on-pellet-digestion procedure, 20, 35 which provides a high yield and quantitative peptide recovery. We employed a nano-LC/nanospray flow setup with low void-volume, large loading capacity, high separation efficiency, and high chromatographic reproducibility for LC/MS analysis. Samples were efficiently resolved on a long (75 cm in length), heated nano-LC column with a 7 h shallow gradient, which markedly enhanced our ability to analyze low-abundance peptides. Orbitrap MS enhanced by an ion-overfilling strategy was employed for the sensitive acquisition of precursor signals for the ion-current-based quantification. Each step was rigorously optimized and evaluated to achieve high run-to-run reproducibility. The false discovery of altered proteins was experimentally measured by preparing and analyzing "decoy" sample groups interspaced with the 24 biological samples. Finally, the quantitative results were compared with parallel results using established 2D-DIGE to provide a broad validation of relative protein changes identified in swine with hibernating myocardium.
■ EXPERIMENTAL SECTION Animal Experiments
Procedures and protocols conformed to institutional guidelines for the care and use of animals in research and have been previously detailed. 1, 36, 37 In brief, juvenile Yorkshire pigs (n = 12) underwent surgical implantation of a fixed diameter Delrin stenosis (1.5 to 2.0 mm inner diameter) on the proximal left anterior descending (LAD) coronary artery. Hibernating myocardium developed as the chronic stenosis progressed to occlusion over 3 to 4 months. This is associated with chronic contractile dysfunction, a critical limitation of coronary blood flow, which occurs in the absence of fibrosis and infarction. Sham swine underwent anesthesia and thoracotomy but did not receive a coronary stenosis. Regional myocardial function was assessed by M-mode echocardiography in the closed-chest anesthetized state and blood flow with fluorescent microspheres. Myocardial tissue harvesting was performed at least 3 days after the physiological studies to circumvent effects of pharmacological agents on acute protein expression. On the day of tissue harvesting, animals were rapidly anesthetized, and subendocardial samples from the inner third of the left ventricular wall were flash-frozen in liquid nitrogen and stored at −80°C until analyzed.
Protein Extraction and the Precipitation/On-Pellet Digestion Procedure
Frozen samples (0.1 to 0.2 g) were quickly minced and mechanically homogenized with a Polytron in 2 mL of lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 2% NP-40, 0.5% sodium deoxycholate, 1% SDS, protease and phosphatase inhibitors (Roche cat. no. 04693132 and cat. no. 04906837)) on ice. Following centrifugation at 5000g for 10 min, samples were stored at −80°C. Prior to quantitation with BSA standards in a Pierce BCA Protein Assay Kit, samples were centrifuged 40 min at 140 000g at 4°C. Solutions were diluted with the lysis buffer to a concentration of 3.3 mg/mL prior to further preparation.
In an Eppendorf Thermomixer (oscillating at 200 rpm), protein disulfide bonds were reduced with 4 mM Tris(2carboxyethyl) phosphine for 20 min, and free thiols were alkylated with 20 mM iodoacetamide at 37°C for 30 min. Proteins were precipitated by an optimized two-step approach: one volume of chilled acetone (at −20°C) was slowly added so that the mixture was cloudy, but no visible particulate was observed. The mixture was vortexed thoroughly to extract the detergents and nonprotein matrix components in acetone− water; subsequently, 5 volumes of chilled acetone were added with vigorous vortex. After incubation at −20°C, overnight samples were centrifuged at 20 000g for 30 min. Supernatant was gently removed, and the pellet was washed with 800 μL of chilled acetone/water mixture (85/15, v/v %). Next, a twophase, on-pellet-digestion procedure was performed; phase one was the digestion-aided pellet dissolution: 100 μL of Tris buffer (50 mM, pH 8.5) containing trypsin at an enzyme/substrate ratio of 1:30 (w/w) was added to the pellet and incubated at 37°C for 6 h with vigorous vortexing at 700 rpm in the Eppendorf Thermomixer. In phase two, complete cleavage was attained by adding another batch of trypsin solution at an enzyme/ substrate ratio of 1:25 (w/w) followed by incubation at 37°C overnight (12 h) with vortexing. Digestion was stopped with 1 μL of formic acid. Supernatant from each sample containing tryptic peptides derived from 6 μg of proteins was used for each LC/MS analysis.
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Quantitative 2D-DIGE Analysis
Quantitative 2D-DIGE was performed as previously described. 23, 37, 38 In brief, protein extracted from hibernating myocardial tissue (n = 22) was labeled with Cy3 or Cy5 and compared with age-matched sham myocardial samples (n = 11), which were pooled, labeled with Cy2, and loaded on each gel. The first dimension included isoelectric focusing on pH 3− 10 nonlinear 24 cm Immobiline dry strips followed by separation on 12% SDS-PAGE gels. Scanned images of the gels were matched and analyzed with DeCyder v6.5 software (GE Healthcare). We manually extracted the spot volume data and calculated average LAD/sham ratios and unpaired t tests for all matched spots. Protein identification was accomplished with MALDI-TOF and nano-LC/MS.
Nanoflow, Reversed-Phase LC/MS
A Spark Endurance autosampler (AS1, Emmen, Holland) and an ultrahigh pressure Eksigent (Dublin, CA) Nano-2D Ultra capillary/nano-LC instrument were used for nano-LC analysis. A nano-LC/nanospray setup devised in house was employed, which utilized a direct trap-column connection and homogeneous heating; the large-ID trap not only enabled a large loading volume but also dampened pump noise to promote reproducible gradient delivery. This feature, in conjunction with homogeneous heating and programmed tip washing, affords exceptional run-to-run reproducibility. Heart tissue digests were separated on a 75 cm column (50 μm I.D. and packed with 3 μm C18 particles in lab) to permit extensive analysis.
Mobile phase A and B were 0.1% formic acid in 2% acetonitrile and 0.1% formic acid in 82% acetonitrile, respectively. Digests containing 6 μg of peptides were loaded onto a large-ID trap (300 μm ID × 0.5 cm, packed with Zorbax 3-μm C18 material) with 1% B at a flow rate of 10 μL/min, and the trap was washed for 3 min before being switched in line with the nanoflow path. A series of optimized nanoflow gradients (with a flow rate at 250 nL/min, 3 to 8% B over 10 min; 8 to 25.5% B over 220 min; 24 to 36% B over 115 min; 38 to 63% B over 55 min; 63 to 97% B in 5 min, and isocratic at 97% B for 15 min) were used for separation.
An LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) was used for detection. The instrument was operating under data-dependent product ion mode. One scan cycle included an MS1 survey scan (m/z 310− 2000) at a resolution of 60 000 to acquire the precursor peaks of peptides, followed by seven MS2 scans at CID activation mode, to fragment the top seven most abundant precursors in the survey scan. Dynamic exclusion was used with one repeat count, 35 s repeat duration, and 60 s exclusion duration. The target value for MS1 by Orbitrap was 8 × 10 6 , under which the Orbitrap was calibrated for mass accuracy and FT transmission. The use of high target value on the Orbitrap enabled a highly sensitive detection without compromising the mass accuracy and resolution. The activation time was 30 ms, the isolation width was 1.5 Da for ITMS, the normalized activation energy was 35%, and the activation q was 0.25.
Protein Identification and Ion-Current-Based Quantification
The LC/MS raw data were searched against the reviewed Sus scrofa Uniprot-Swissprot protein database (released September 2012) with 1412 protein entries using SEQUEST-based Proteome Discoverer (version 1.2.0.208, Thermo-Scientific). Raw files were imported into the package, and DTA files were generated from MS2 spectra. Given the limited coverage of the pig database, the human database from the same source was combined for searching. Mass tolerances for precursor and fragment ion mass were 15 ppm and 0.5 amu. One missed cleavage was permitted for fully tryptic peptides. Carbamidomethylation of cysteines was set as a fixed modification, and a variable modification of methionine oxidation was allowed. The false discovery rate (FDR) of identification was estimated by a target-decoy search strategy, using a concatenated database containing both forward and reversed sequences. The search results were later imported into SIEVE (version 2.1, Thermo Fisher Scientific) for matching with quantitative information and data summary/visualization. To achieve a confident identification, we employed a set of strict cutoff thresholds to yield a FDR of 0.8% at peptide level. "Quantifiable Proteins" had to have at least two distinct peptides quantified, with highquality ion current (S/N > 10) without missing data in any replicate on a protein level.
Ion-current-based label-free quantification was performed in two steps. First, the SIEVE package was employed to import the raw files and to perform chromatographic alignment and detection, extraction, and integration of the peak areas of peptide ion currents. The LC−MS runs were aligned with an adaptive tiled algorithm; 39 then, quantitative frames, each containing a group of ion-current AUC (area-under-the-curve) data from the same peptide, were defined using a set of stringent criteria, including the requirement of S/N > 10 for frame detection and the threshold windows of m/z <±10 ppm and retention time <±1 min for frame definition. Normalization of peak areas for individual samples was carried out based on the sum of total ion-current (TIC) area in each run. A peptide ID was assigned to a frame by linking the identification information from the MS2 scans associated with the frame. After integration of AUC at frame level, a Perl script was developed for further quantitative analysis. Protein ratios in hibernating versus sham groups were computed by aggregating the AUC data on frame levels to peptide and then protein levels using a relative-variance-based weighting model. The formula for aggregation of ratios (R) is
, where σ is defined as (standard deviation (SD)/ratio), and R i is the lower level of ratios (e.g., frame or peptide ratios). The statistical significance of difference between groups were assessed by the Student's t test at frame levels; then, the corresponding p values on protein levels were determined by Fisher's exact test. Although ion-current-based methods may provide higher sensitivity and quantitative accuracy over other label-free approaches such as spectral counting, 19, 40, 41 they are more technically demanding when analyzing large experimental sample sizes because of their requirement for a sensitive and selective MS1 detection and highly reproducible sample preparation and chromatographic separation. 18, 42, 43 . 19, 40 Furthermore, extensive proteomic coverage is desirable to enhance the quantification of lower abundance proteins that may be regulators of high interest. 19, 40, 44 To achieve these goals, we thoroughly optimized the analytical strategy using whole myocardial tissue samples.
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1.1. Reproducible and Efficient Preparation and Digestion of the Myocardial Samples. For reliable profiling of cardiac tissue, it is necessary to conduct quantitative protein extraction with effective removal of nonprotein components from the tissue matrix and extraction buffer while maintaining reproducible peptide recovery. To accomplish this, we homogenized tissue in a buffer containing a relatively high concentration of detergent cocktail. (See the Experimental Section.) These components were selected by balancing the considerations of extraction efficiency, the desire to identify hydrophobic membrane proteins, and compatibility with removal procedure during subsequent sample preparation/ precipitation steps. Using this buffer, a highly reproducible and efficient extraction was achieved, with protein yield of 92 ± 2.1 mg/g of the wet tissue mass (Supporting Information, SI Figure  1A ).
The precipitation/on-pellet-digestion procedure is composed of two steps. First, an overnight cold acetone precipitation was employed to eliminate nonprotein matrix components (e.g., lipids and small-molecule nucleic acids) and detergents while maintaining high protein recovery. The precipitation procedure was carefully optimized to avoid enclosure of detergents within large chunks of sediment. Second, the protein pellet was subjected to a two -phase tryptic digestion procedure under constant agitation. Phase 1 brings the protein pellet into solution by adding trypsin to cleave the precipitated proteins into large, soluble tryptic fragments, while phase 2 involves reduction, alkylation, and completion of enzymatic digestion. The on-pellet digestion procedure circumvents the need of pellet reconstitution, which is required for a conventional insolution digestion procedure but difficult to accomplish for pellets containing membrane proteins, unless high concentrations of detergents and urea are used. 20, 35, 44 To achieve highly reproducible, complete digestion of all samples in the experimental set, key conditions for the two-phase digestion were extensively optimized. As measured by a modified BCA (bicinchoninic acid assay) method described previously, 20 high and reproducible peptide recoveries were observed across the 24 samples, as shown in SI Figure 1B in the Supporting Information. Such a high level of recovery and reproducibility greatly contributes to accurate ion-current-based quantification.
1.2. Extensive, Sensitive, and Reproducible Nano−LC/ MS Analysis. Because of the high complexity of the myocardial proteome, 7,23 a large number of tryptic peptides are retrieved, which renders it challenging to achieve in-depth proteomic investigation. Here we optimized a method for extensive reversed-phase chromatographic separation to enhance the likelihood of quantifying low-abundance peptides that may include regulatory proteins of high interest. Because the quantitative strategy requires the accurate match of peptide ion currents among parallel runs, high run-to-run reproducibility of retention times and MS signal intensities are critical for reliable profiling. 18, 21 To address these requirements, we utilized a nano-LC/nanospray configuration with low void volume, high separation efficiency and reproducibility, and a long, heated nano-LC column with a shallow, 7 h gradient for analysis of the myocardial digests. As to the MS detection, an Orbitrap analyzer operating under "ion-overfilling" conditions was employed to achieve high quantitative sensitivity.
The chromatographic strategy was thoroughly optimized for the separation of myocardial digests and holds several salient advantages. First, the chromatographic setup eliminates the invalve void volume between trap and column that is typical in a more conventional configuration, 45 significantly improving peak shapes and reducing tailing. 20, 21 Second, a long reversed-phase nanocolumn (75 cm in length and packed with 3 μm materials) and a 7 h shallow gradient were used for separation to enhance the analysis of low abundance peptides, as suggested by our experiments and by others. 20, 35, 41, 46 Moreover, the sufficient separation between peptide peaks and interferences also enhanced the success rate of matching among many runs, resulting in minimal missing data, as found in our pilot study. Heating the long column homogenously during separation decreased bandwidth (fwhm) on average by >40% for peptides eluted within the first quarter of the chromatographic window when the temperature was elevated from room temperature to 50°C. By balancing the considerations of resolution gain and thermostability of C18 materials, a temperature at 52°C was selected for separation.
A third advantage of the chromatographic approach is that it provides good reproducibility in terms of both retention times and the area under the curve (AUC) of peptide ion currents. This was achieved with the constant separation temperature and a large I.D. (300 μm I.D.) trap along with a bidirectional flow path in the nano-LC analysis cycle (Experimental Section). A previous study indicated that poor chromatographic reproducibility during the long, shallow gradient could occur due to the incomplete mixing of mobile phases and inaccuracy/ variation in mobile phase delivery (i.e., the pump noise). 20, 47 We found that a 300 μm I.D. trap substantially increased the reproducibility of separation by providing improved gradient mixing and dampening pump noise, which results in reproducible gradient delivery to the downstream nanocolumn. An additional benefit of our nano-LC/MS strategy is that the large-I.D. trap provides a large loading capacity for peptides without column overloading, thus enhancing sensitivity for peptide identification/quantification. The optimal loading amount was identified experimentally. SI Figure 2 in the Supporting Information shows that hydrophilic peptides were more susceptible to trap overcapacity than hydrophobic peptides, so these peptides determined the optimal loading mass. On the basis of the data in SI Figure 2 in the Supporting Information, a peptide loading mass of 6 μg was chosen for each run.
A high-resolution mass analyzer is preferred for ion-currentbased profiling because it permits accurate and facile matching of the ion-current peaks of the same peptide among parallel runs as well as high quantitative specificity and confident peptide identification. 19, 48 In this study, an Orbitrap MS was utilized to produce the ion-current data. Because of the unique features of its electrostatic fields, the Orbitrap analyzer is much less prone to space charge effect than most other types of MS analyzers. 49, 50 In previous studies, we demonstrated markedly increased analytical sensitivity for proteomic analysis by overfilling the Orbitrap with 10 to 20 times more ions under the dynamic injection control by AGC (automatic gain control). 20, 51, 52 This advance is useful when analyzing highly complex proteomic samples, where peptides with low abundance may escape detection/quantification due to insufficient sensitivity. It was observed that the overfilling approach (8E6) detected an additional15% of qualified peptide precursors in myocardial samples and improved signal-to-noise ratios of lower abundance peptides, with <6 ppm mass error.
A representative base peak chromatogram for the analysis of myocardial samples under the optimized nano-LC/MS conditions is shown in Figure 1 . An extended peptide elution window of ∼340 min and peak capacity of ∼1120 were achieved. This high level of separation facilitated the peak alignment and quantification of low-abundant proteins. To investigate the performance of the analytical method for the expression profiling of the myocardial proteome at 24 replicates, we evaluated reproducibility of chromatographic separation and Orbitrap analysis with 24 repeated injections of the same pooled myocardial sample over a 7 day period. The reproducibility of chromatographic separation and precursor ion-current AUC was evaluated using 20 peptides randomly selected at different retention times in the peptide elution window (SI Figure 3 in the Supporting Information). The relative standard deviation (RSD%) for retention times and AUC were, respectively, in the range of 0.6−2.2% and 4.9− 15.4% for the 20 replicate runs. This high level of reproducibility could be attributed to two factors: (i) the reproducible chromatographic configuration previously described and (ii) the efficient and reproducible precipitation/ on-pellet-digestion procedure.
Comparison of the Proteomes of Hibernating versus
Normal Myocardium 2.1. Ion-Current-Based Quantification. In this study, the optimized analytical strategy allowed reproducible sample preparation and nano-LC separation, with sensitive Orbitrap MS detection of peptides in complex myocardial samples. To minimize quantitative false-positives arising from time-dependent factors such as potential drifts in nano-LC/ionization performance and possible instability of some tryptic peptides, 53 samples from the 24 animals were prepared and analyzed in a random order.
Several ion-current AUC quantification software packages, including SIEVE (Thermo Fisher Scientific), Decyder MS (GE Healthcare), and Progenesis LC−MS (nonlinear) were evaluated, and Sieve was finally chosen for its ability to smoothly analyze the very large data sets of 24 runs generated by the long gradient nano-LC separation and the overfilled Orbitrap analyzer. The optimal parameters for peak alignment, peptide ion matches, and normalization were identified by analyzing 24 repetitive runs of the pooled tissue digest. Because of the reproducible and efficient sample preparation steps, chromatographic separation, and MS detection, high analytical reproducibility was achieved, as expressed by the excellent Sieve alignment scores (0.86 to 0.92, with 1 being the maximum) across the 24 runs.
We compared the myocardial proteomes of hibernating animals (n = 12) versus nonhibernating sham controls (n = 12). To perform confident proteomic quantification, we employed stringent criteria to define "quantifiable proteins", including (i) strict criteria for peak detection and frame generation, so that only peptides with high-quality peptide ion-current data (e.g., S/N > 10) are quantified; (ii) high cutoff thresholds for protein identification resulting in a low peptide FDR of 0.8%; and (iii) each "quantifiable protein" must be quantified independently by two or more unique "quantifiable peptides" that meet both of the previous two requirements. Under these criteria, 911 unique protein groups were quantified with high confidence. All proteins were quantified in the 24 biological samples without any missing data at the protein level. Given the very stringent criteria for quantification, the fact that every protein was quantified in each of the 24 biological replicates and that the swine protein database is very incomplete (only 1412 total pig protein entries in the reviewed, nonredundant Uniprot database), this study achieved relatively extensive proteomic quantification. All quantified proteins are listed in Supplemental Table 1 in the Supporting Information.
2.2. Quantitative Assessment of False Discovery of Altered-Proteins. The false-positive discovery of significantly altered proteins represents a common problem for proteomics experiments. 29, 31, 54 It arises primarily from two sources: Figure 1 . Representative base peak chromatogram of swine heart digest. The column was 75cm -long with 50 μm I.D. and 3 μm C18 particles and heated to 52°C. A wide peptide elution window of ∼340 min and a peak capacity >1100 (estimated based on average fwhm of peptide peaks) were achieved. biological variability and technical variability. 29 To reduce biological variability, the current study conducted wellcontrolled animal experiments (cf. Experimental Section) and employed a relatively large number of biological replicates (n = 12 animals for each group). To minimize technical variability, we employed a reproducible sample preparation and LC/MS strategy to enhance quantitative precision and set stringent criteria to define "quantifiable proteins."
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To experimentally estimate the false-positive discovery, we utilized a decoy sample set (i.e., the "experimental null") consisting of 24 samples from the sham subjects. Among these, 12 were randomly assigned as the "experimental group" and the rest were assigned as the "control group". The decoy samples were prepared and analyzed by LC/MS randomly interspaced with the hibernating/sham sample sets. Obviously, the "significantly-altered" proteins discovered in the decoy sample set are false-positives due to both biological and technical variations. The false-positive discovery under a given set of cutoff thresholds (p value and fold change) was calculated by uniformly applying the thresholds to both the hibernating/ sham sample set and the decoy sample set. The false-positive discovery rate was defined as the ratio of the number of falsepositives in the decoy set versus that in the hibernating/sham set. This experimental approach provides a straightforward and promising alternative to statistical approaches that mostly address the "multiple hypothesis testing" problem. [32] [33] [34] 55 Finally, the cutoff criteria of >1.25-fold change (up-or downregulated) and p < 0.01 between hibernating myocardium and healthy controls were determined as optimal. The volcano plots (fold change vs p value) under the optimal thresholds are shown in Figure 2 . In the sham data set, the vast majority of proteins showed a ratio close to 1 (i.e., 0 on Y axis), indicating the high quantitative accuracy of the overall proteomics strategy. There were only six false-positives in the sham data set using these thresholds; by comparison, under the same thresholds, 225 significantly altered proteins were discovered in the hibernating/sham set (shown in SI Table 1 in the Supporting Information), resulting in a low FDR of ∼3%. Therefore, the developed ion-current-based method is capable of reliably identifying small changes, largely due to the high precision of the well-controlled, ion-current-based approach.
Comparison of Protein Quantification by the Ion-Current-Based Approach versus 2D-DIGE
As a means of cross-validation, we compared the quantitative results obtained in this study with those by 2D-DIGE. We have evaluated proteomic quantitation using 2D-DIGE in swine with chronic hibernating myocardium in the same animal model as used here. 23, 37 Here we show that the ion-current-based quantitation not only confirms most of the previously reported relative protein changes between hibernating and normal myocardium but also greatly increases the number of quantified proteins in porcine myocardial tissue. While 2D-DIGE quantified 79 proteins, the ion-current-based method quantified 911 protein groups with high confidence. A total of 70 proteins were common to both proteomic approaches ( Figure 3A) . Figure 3B demonstrates good correlation between the altered proteins by the two independent approaches. Correlation between the two methods was further confirmed with a Bland− Altman analysis (shown in Figure 3C ), showing no systematic variation between the two approaches. Importantly, we found no discordant results, that is, proteins that were altered in different directions by the two methods ( Figure 3D ). Representative comparison of selected proteins from 2D-DIGE and ion-current-based methods is shown in Figure 4 . The favorable comparison of results between the two orthogonal methods using two independent experimental data sets supports the reliability of the developed ion-current-based approach to quantify regional protein level changes in this reproducible animal model.
Physiological Features of Chronic Hibernating Myocardium Corresponding to the LC−MS Proteomic Profiling
Hibernating myocardium is an adaptive state characterized by regional down-regulation in myocardial function and metabolism in response to repetitive myocardial ischemia, 56 which contrasts with the contractile dysfunction secondary to a myocardial infarction in that the tissue is viable with no evidence of myocardial scar. An important aspect of this unique adaptation is that revascularization and alleviation of chronic ischemia results in the improvement of ventricular function over time. Figure 5 shows the salient pathophysiological features of chronic hibernating myocardium in this model. 1 Three or more months after surgical instrumentation, the LAD coronary artery develops a critical stenosis or total occlusion with collateral dependent myocardium ( Figure 5A ). The stenosis limits the ability of coronary blood flow to increase in response to stress ( Figure 5B ). Measurements of regional myocardial perfusion using microspheres demonstrate an inability to increase blood flow above the resting level in response to pharmacological vasodilation with adenosine (coronary flow reserve) in hibernating LAD regions as compared with the usual fiveto six-fold increase in flow to the normally perfused remote myocardium. As a result of repetitive reversible ischemia from the stenosis, myocardial contractile function as assessed using echocardiographic as the control group. The Y and X axes, respectively, show the protein level ratios between two groups and the p values for the comparison. Each dot represents a unique protein group, and the dotted lines denote the optimized cutoff thresholds that define significantly altered proteins (shown as red dots).
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Article dx.doi.org/10.1021/pr5000472 | J. Proteome Res. 2014, 13, 2571−2584 measurements of regional wall thickening is depressed in the LAD region in comparison with normally perfused myocardium ( Figure 5C ).
While there is no evidence of myocardial infarction by vital tissue staining in this model, microscopic evaluation demonstrates a regional increase in cardiomyocyte diameter indicating cellular hypertrophy ( Figure 6 ). These changes are restricted to the LAD region and arise from a low rate of myocyte loss secondary to programmed cell death or apoptosis. 57 There is also a slight increase in interstitial connective tissue in hibernating myocardium versus normal remote regions. Previous studies have summarized additional ultrastructural findings, which include myofibrillar loss and increased glycogen content in the absence of sarcolemmal disruption. 58 
Functional Characterization of Significantly Altered Proteins in Chronic Hibernating Myocardium
Significantly altered proteins discovered by the ion-currentbased method were annotated and characterized. We categorized the 225 differentially altered proteins (Supplemental Table 2 in the Supporting Information) by their biological processes using Gene Ontology analysis; the major categories are: metabolism (35) , apoptosis and cell death (39) , organization of cytoskeleton (40) , transcription and translation (25) , protein processing (18) , cell differentiation and proliferation (7) , muscle contraction (20) , ion transport (6), heat shock proteins (9) , and signal transduction (8) . A pictorial view of the findings is shown in Figure 7 . The major GO categories and selected differentially expressed proteins are discussed in the subsequent sections and summarized in the Tables. The pattern of differential protein expression in chronic hibernating myocardium revealed many molecular pathways through which myocytes adapt to repetitive ischemia. A small subset of the major differentially altered proteins is discussed later.
Differentially Altered Energetics and Enzymes Involved in Mitochondrial Electron Transport, Glycolysis, and Myocardial Metabolism in Hibernating
Myocardium. Previous physiological studies demonstrated reduced regional myocardial oxygen consumption 3 and mitochondrial function in hibernating myocardium. 59 These alterations suggest down-regulation of myocardial oxidative metabolism, which reduces energy requirements and prevents an oxygen supply and demand imbalance. 2, 60 Table 1 summarizes significantly altered mitochondrial proteins discovered in this category.
Out of 113 quantifiable proteins localizing to mitochondrion, 17 were down-regulated and all but one (PRDX3) were directly involved in oxidative metabolism (Table 1) . While many other enzymes involved in oxidative metabolism are also decreased in hibernating myocardium, the extent of changes did not reach the magnitude we established for selection. Similar reductions of a more limited number of mitochondrial enzymes involved in aerobic respiration were previously reported using 2D-DIGE by our laboratory as well as others. 13, 23, 61 Reductions in electron transport chain proteins, fatty acid oxidation proteins, and amino acid catabolism proteins shown here are compatible Figure 3 . Comparison of the quantitative results by 2D-DIGE and the ion-current-based (ICB) method for the comparison of hibernating myocardium (HIB) versus sham (N = 12/group). (A) Overlap of the proteins quantified and identified by 2D DIGE and ICB. Despite the incomplete swine sequence database, ICB quantified nine times more proteins than 2D-DIGE; of these 911 quantified proteins, 70 were common to each proteomic approach. (B) Linear regression plot of the common proteins shows good agreement of the two methods. (C) Bland−Altman analysis (95% confidence intervals) plot of the difference between each data pair divided by the mean versus the mean of the pair. 95% of the time, there was <45% variability between the two measurements, confirming good agreement between the two methods. (D) Measurement of the concordance of the two methods, observed as a proportion of the maximum possible, provided a good kappa score of 0.48. with previous in vitro observations of reduced mitochondrial oxidative metabolism. 59 The down-regulation of mitochondrial aerobic metabolism proteins is not a reflection of a global reduction in mitochondrial content in myocytes because we have previously shown that total mitochondrial protein per gram of myocardial tissue is not changed in chronic hibernating versus normal myocardium. 23 In this study, the proteomics results confirm this as the majority of mitochondrial proteins found here, which are not involved in oxidative respiration, were not altered (SI Table 1 in the Supporting Information).
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Metabolic enzymes listed in Table 2 were altered in a fashion that promotes glycolysis as well as glycogen storage, which are new proteomic observations for chronic hibernating myocardium. For example, hibernating myocardium had increased expression levels of the glycolytic enzymes alpha-enolase, betaenolase (ENO1/3), GAPDH, and 6-phosphofructokinase (PFKM). This would facilitate additional ATP production without additional oxygen, and glycolytic ATP is critical to maintain sarcolemmal ion channel function. Under aerobic conditions, the resultant pyruvate from glycolysis enters the Krebs cycle via the pyruvate dehydrogenase complex (PDC), which is reduced along with reduced PDC activity in hibernating myocardium. 23 Our ion-current-based proteomics data shows an increase in LDHA and a decrease in LDHB, which would facilitate the conversion of pyruvate to lactate during anaerobic conditions produced during stress because increases in oxygen delivery are limited in hibernating myocardium. A decrease in LDHB was also previously demonstrated with 2D-DIGE. 23 The ion-current-based proteomics method also confirmed reductions in both the alpha and beta subunits of pyruvate dehydrogenase E1 component.
Increased myocardial glycogen has been reported in hibernating myocardium and serves to increase substrate availability in the event of a sudden increase in myocardial oxygen consumption. Up-regulation of glycogen synthase and UTP-glucose-1-phosphate uridylyltransferase found here supports this model. Increases in glycogen have also been hypothesized to be a sign of a switch to a fetal myocyte phenotype profile in hibernating myocardium. 62 Kim et al. noted that the development of hibernating myocardium is associated with reductions in glycogen synthase kinase. 63 Phosphorylation of glycogen synthase causes reduced activity, which is consonant with the shift from fatty acid to glucose utilization.
Collectively, these findings are not only compatible with previously observed reductions in the rate of ATP depletion during simulated acute ischemia in tissue excised from hibernating myocardium versus normal hearts 59 but also consistent with in vivo findings demonstrating an attenuated increase in myocardial oxygen consumption during betaadrenergic stimulation 3 and a reduction in the baseline and stimulated energetic state of hibernating myocardium using MR spectroscopy. 64 These findings provide further support for the notion that the intrinsic adaptive response to ischemia, as profiled in this proteomic study, reduces myocardial oxygen utilization and preserves myocyte viability by reducing an imbalance between oxygen delivery and metabolic demand.
5.2. Up-Regulation of Anti-apoptotic and Cell Survival Programs in Hibernating Myocardium. Mitochondrial proteins play a critical role in respiration but can also produce deleterious reactive oxygen species (ROS) under hypoxic conditions, resulting in oxidative stress that may reduce myocyte survival. The current study suggests that hibernating myocardium counteracts the deleterious effects of ROS by increasing the production of a variety of cell-survival molecules listed in Table 3 . These regulators play prominent roles in scavenging ROS and decreasing superoxide formation to protect cells from ROS-induced damage and apoptosis. This finding correlates with limited observations from 2D-DIGE, where peroxiredoxin-2 and superoxide dismutase were increased in hibernating myocardium. 23 Hibernating myocardium is characterized by a low rate of myocyte apoptosis that leads to myocyte loss with compensatory cellular hypertrophy. 57, 58 Once adapted, the myocyte apoptosis declines. We identified several upregulated proteins that are involved in inhibiting oxidative stress-induced apoptosis, thus promoting cell survival. Using 2D-DIGE, we previously demonstrated the up-regulation of several antiapoptotic and stress proteins, including HSP27, HSP20, alpha crystalline B chain (CRYAB), and apolipoprotein A-1 (APOA1), in hibernating myocardium. 23 In this study, additional up-regulated proteins having a potential role in cardioprotection were discovered, including cardiac ankyrin repeat protein (CARP), macrophage migration inhibitory factor (MIF), and desmoplakin (DSP) as well as peroxiredoxin-1 (PRDX), thioredoxin (TXN), and glutathione peroxidase-1 (GPX1). CARP is a nuclear transcriptional cofactor that increases the resistance to hypoxia-induced apoptosis. 65 MIF acts in an autocrine or paracrine fashion to reduce ischemia/ reperfusion injury via association with AMP kinase and JNK pathways. 66, 67 There is also in vivo evidence supporting a cardioprotective role of MIF by reducing oxidative stress in the postischemic heart 68 as well as in hypertension and cardiac hypertrophy. 69 DSP is an important component of desmosomes and when deficient is associated with increased myocardial fibrosis, myocyte apoptosis, and cardiac dysfunction. 70 Also newly identified in this proteomic study are several isoforms of 14-3-3 protein (each were uniquely identified by characteristic peptides), known to regulate cellular processes including apoptosis and cell-cycle reentry. Collectively, the upregulation of these proteins may play important cardioprotective roles in preventing progressive myocyte loss and apoptosis in chronic hibernating myocardium.
5.3. Increased Cytoskeleton and Reduced Contractility. As shown in Figure 6 , increased interstitial connective tissue and myocyte hypertrophy or enlargement are among the prominent pathological findings of cellular adaptation in hibernating myocardium. Myocyte cellular hypertrophy is regional and arises from transient myocyte apoptosis in the absence of infarction to maintain normal myocardial wall thickness despite the loss of cardiomyocytes. At the same time, remodeling of the extracellular matrix results in increased interstitial structural proteins. 71 We identified a significant increase in multiple cytoskeletal proteins (Table 4) , consistent with an expanded internal cytoskeleton required by hypertrophied myocytes.
In this regard, alpha and beta tubulin, which form the microtubule framework of the cell, increased to presumably provide mechanical stability in the face of increased stress. 72 Desmin and vimentin are intermediate filaments that also increased and link the contractile apparatus to the cytoskeleton and other intracellular organelles. Models of pressure overload hypertrophy and heart failure having globally increased myocyte size also report increased desmin. 73, 74 Vinculin and alpha actin are also known to affect cell morphology, as defects in these proteins can lead to cardiomyopathies and ventricular hypertrophy. Like desmin, an increase in these proteins in hibernating myocardium may be a protective mechanism to stabilize the myocytes. In agreement with early reports by Hein et al. in 2000, talin-1 and alpha-actinin 4 are up-regulated. 75 Both proteins bind to vinculin, which in turn binds actin to the cell membrane. Filamin, cofilin, and plastin are cytoskeletal actin-binding proteins, which also have been elevated in hibernating myocytes, and plastin-2 was markedly increased (3.32 fold). Collectively, these cytoskeletal adaptations likely arise from dysynchronous regional contraction in hibernating myocardium and serve to prevent systolic overstretching of hibernating cardiomyocytes by normally functioning myocytes in the remote normally perfused myocardium. The increased cytoskeletal proteins would also stabilize myocytes in the dysfunctional region and prevent the ventricular wall from becoming dyskinetic in response to superimposed acute ischemia. 76 Vasodilated flow in hibernating myocardium did not increase above resting levels. (C) Comparison of sham and HIB animals for contractile function in the LAD region. Regional LAD wall thickening was depressed at rest distal to the chronic coronary stenosis. Contractile proteins were also reduced in hibernating myocardium with decreases in myosin 8 (MYH8), troponin T (TNNT2), myosin binding protein C (MYPC3), myomesin (MYOM1), and myosin light chain 3 (MYL3) ( Table 4 ). MYH8 is a myosin II isoform integral to myocyte contraction because it uses its ATPase motor to move along the actin filaments. Troponin T regulates the binding of myosin to actin in the presence of Ca 2+ ; MYPC3 holds actin and myosin filaments together, and myomesin is thought to anchor myosin to other filaments such as titan. Myosin light chains are part of the macromolecular myosin enzyme complexes. Consistent with this, both the previous 2D-DIGE and ion-current-based data are indicative of decreasing contractile proteins replaced by cytoskeletal structures. 37 Taken together, the increases in cytoskeletal proteins and reductions in contractile proteins produce a regional molecular phenotype that is reminiscent of global hypertrophy seen in diseases such as ventricular pressure overload. Hein et al. outlined a scenario of hypertrophy leading to heart failure, beginning with reversible elevation in cytoskeletal proteins in response to increased stress on the cells, followed by an irreversible stage, as contractile filaments are lost and microtubules and associated proteins produce the densified "stiff" cells observed in failing hearts. 75 These changes along with reductions in myocyte metabolism and calcium handling proteins such as the sarcoplasmic reticulum calcium ATPase raise the possibility that the adaptive changes seen in hibernating myocytes primarily represent a consequence of myocyte cell loss and a regional phenotype of cellular hypertrophy. Further comparative proteomic profiling will be required to test this hypothesis.
■ CONCLUSIONS
Using an ion-current-based strategy, we have developed a much more extensive profile of the proteome of hibernating myocardium that has identified new intrinsic adaptations of the heart to repetitive ischemia. Our proteomic method has the following salient features: (i) a highly reproducible sample preparation and nano-LC/MS analysis that enables accurate relative quantification using many biological replicates; (ii) separation on a long column allowing accurate ion-current match and a more in-depth proteomic analysis; and (iii) an approach that can discriminate relatively modest as well as large changes in relative protein abundance. When quantitative results were compared among common proteins from a more limited data set using 2D-DIGE, good agreement between the two orthogonal methods was observed. Of equal importance, even with highly stringent criteria, the ion-current-based strategy quantified nearly an order of magnitude more proteins than 2D-DIGE.
The results from this quantitative proteomic approach not only expand upon known pathophysiological changes in hibernating myocardium including metabolism and stress response but also identify new insights into the mechanisms of adaptation to chronic ischemia in hibernating myocardium, such as the elevation in glycolytic enzymes, increases in intracellular cytoskeleton proteins, and alterations in cardiac contractile proteins. The extensive number of concordant protein changes across multiple pathways highlights the complexity of the intrinsic physiological response of the heart to ischemia as well as underscoring potential limitations related to focusing on single pathways in a complex physiological adaptation. Further studies will be required to examine whether these protein changes are reversible or contribute to persistent contractile dysfunction in the absence of myocardial scar following coronary revascularization.
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